Introduction
The tumor microenvironment is structured by a cellular compartment (including fibroblasts, immune cells and endothelial cells), biologically active agents such as cytokines (including various interleukins [ILs] and transforming growth factor β [TGFβ]), and numerous components of the extracellular matrix (compassing collagen and fibronectin). Such constituents of the tumor microenvironment interact with cancer cells and are intimately involved in oncogenesis and tumor progression. The physical interactions between malignant cells and tumor-infiltrating lymphocytes (TILs) are critical for the elicitation of anticancer immune responses, be them cellular, such as those triggered by therapeutic anticancer vaccines, or humoral.
Lymphocytes
T lymphocytes can be classified in multiple subsets based on their phenotype. Among various activities, CD8
+ cytotoxic T cells stimulate the immune system to produce cytokines such as tumor necrosis factor α (TNF α) and promote the expression of the death receptor CD95 (also known as FAS) on the surface of cancer cells, hence favoring their apoptotic demise. CD4
+ helper T cells often undergo one of two distinct functional programs that are generally referred to as T H 1 and T H 2 polarization. Thus, while T H 1 cells robustly stimulate cellular immune responses, their T H 2 counterparts promote humoral immunity. In particular, T H 2 cells play a major role in the differentiation of B lymphocytes, hence promoting the development of antibody-producing plasma cells. Of note, both cytotoxic T cells and helper T cells express a monospecific T-cell receptor (TCR) on their surface as well as the co-receptorial complex CD3. A particular subset of T lymphocytes is represented by regulatory T cells, which express CD4, CD25 and forkhead box P3 (FOXP3). These cells produce high levels of immunosuppressive cytokines (including TGFβ and IL-10), hence potently inhibiting the activity of conventional CD8
+ and CD4 + T lymphocytes. The infiltration of neoplastic lesions by specific subsets of lymphocytes has been attributed a clinical prognostic value in multiple independent studies. For example, by means of a specific meta-analysis, Gooden et al. not only showed that increased amounts of CD3 + or CD8 + T cells within neoplastic lesions are associated with a positive effect on patient survival (with an hazard ratio [HR] of 0,58 and 0,71, respectively), but also suggested that the ratio between specific TIL subsets may be even more Therapeutic anticancer vaccines operate by eliciting or enhancing an immune response that specifically targets tumor-associated antigens. although intense efforts have been made for developing clinically useful anticancer vaccines, only a few Phase III clinical trials testing this immunotherapeutic strategy have achieved their primary endpoint. Here, we report the results of a retrospective research aimed at clarifying the design of previously completed Phase II/III clinical trials testing therapeutic anticancer vaccines and at assessing the value of immunological monitoring in this setting. we identified 17 anticancer vaccines that have been investigated in the context of a completed Phase II/III clinical trial. The immune response of patients receiving anticancer vaccination was assessed for only 8 of these products (in 15 distinct studies) in the attempt to identify a correlation with clinical outcome. Of these studies, 13 were supported by a statistical correlation study (Log-rank test), and no less than 12 identified a positive correlation between vaccine-elicited immune responses and disease outcome. Six trials also performed a Cox proportional hazards analysis, invariably demonstrating that vaccine-elicited immune responses have a positive prognostic value. However, despite these positive results in the course of early clinical development, most therapeutic vaccines tested so far failed to provide any clinical benefit to cancer patients in Phase II/III studies. Our research indicates that evaluating the immunological profile of patients at enrollment might constitute a key approach often neglected in these studies. Such an immunological monitoring should be based not only on peripheral blood samples but also on bioptic specimens, whenever possible. The evaluation of the immunological profile of cancer patients enrolled in early clinical trials will allow for the identification of individuals who have the highest chances to benefit from anticancer vaccination, thus favoring the rational design of Phase II and Phase III studies. This approach will undoubtedly accelerate the clinical development of therapeutic anticancer vaccines. informative than their absolute intratumoral level. 1 Along similar lines, Fridman and colleagues demonstrated that high densities of intratumoral CD3 + , CD8 + and CD45RO + T cells are associated with increased patient survival. 2 Further extending this concept, Galon et al. showed that an immunological score taking into account the density of CD8 + and CD45RO + cells in the center as well as at the invasive margins of primary tumors has robust prognostic and predictive value. 3 Circulating lymphocytes may also be indicative of ongoing anticancer immune responses and hence provide information on disease outcome. Some reports suggested indeed that -upon therapy -the activation status of circulating lymphocytes would be higher in patients with pre-existing antitumor immunity than in patients without. In particular, Reynolds et al. reported that the administration of an anticancer vaccine was much more likely to increase the circulating levels of CD8 + T cells specific for a tumor-associated antigen (TAA)-namely, melanoma antigen, family A, 3 (MAGEA3)-in melanoma patients exhibiting prevaccination immune responses (p = 0.0007). 4 Along similar lines, Speiser et al. reported that CD8
+ T-cell responses to melanomatargeting peptide vaccines occurred primarily in patients with T cells that were pre-activated by endogenous TAAs. In this setting, patients who eventually responded to immunotherapy had a significantly higher percentage of immune cells activated prior to vaccination than patients who failed to respond (p < 0.01).
5

Malignant Cells
An elevated tumor burden is generally associated with poor clinical outcomes in response to therapeutic anticancer vaccines. Indeed, advanced tumors are often robustly infiltrated by regulatory T cells and myeloid-derived suppressor cells (MDSCs), which exert intense immunosuppressive effects. Thus, Kobayashi et al. reported that prevalence of FOXP3+ regulatory T cells increased in a stepwise manner during the progression of hepatocarcinogenesis. 6 Along similar lines, Diaz-Montero and colleagues showed that the amounts of circulating MDSCs correlate with the stage of solid tumors as determined by the American Joint Committee on Cancer/Union for International Cancer Control (AJCC/UICC) TNM classification. 7 We have previously performed a retrospective survey showing that therapeutic vaccines failed to provide actual clinical benefits to cancer patients in 74% of completed or terminated Phase III clinical trials testing this immunotherapeutic intervention. 8 In addition, 69% of such failed studies did not meet their primary endpoint, even in spite of considerable efforts to reduce tumor burden by surgery or neo-adjuvant chemotherapy before vaccination. Thus, we believe that not only tumor burden but also immunological parameters should be taken into careful consideration to determine which patients might truly benefit from the administration of therapeutic anticancer vaccines.
Here, we conducted a retrospective study to clarify the design of previously completed Phase II/III clinical trials testing the efficacy of therapeutic vaccination in cancer patients, and to assess the value of immunological monitoring in the clinical development of these immunotherapeutic agents. Our analysis might provide useful hints for the development of successful anticancer vaccines.
Inclusion Criteria for Completed Phase II/III Trials
When we performed our survey, 23 Phase II/III clinical trials testing 17 distinct therapeutic anticancer vaccines appeared as completed. Eighteen of these studies had failed to achieve their primary objectives, while 4 had succeeded. The remaining trial was a confirmatory study for immunopharmacological analysis of patients affected by Stage III melanoma. Of the 18 failed trials, 11 (77%) had employed tumor stage to select or stratify patients prior to initiation of the study. Of the 4 successful trials, 2 (50%) had defined tumor stage as part of the criteria of patient inclusion in the study. In total, 14 of 23 (61%) completed Phase II/III trials had used tumor stage to select patients at enrollment ( Table 1) . Conversely, none of the 25 completed Phase II/III trials investigating the efficacy of therapeutic vaccination in cancer patients had included any immunological parameter among inclusion criteria.
Timing of Anticancer Immune Responses and Disease Outcome
Among the 23 Phase II/III clinical trials mentioned above, 15 studies (corresponding to 8 distinct anticancer vaccines) investigated the correlation between immune responses to vaccination and clinical outcome. Of note, such a correlation was most often evaluated in Phase II trials (7 studies). Only 4 studies assessed the correlation between vaccine-elicited immune responses and disease outcome in a Phase III setting. Finally, 4 reports did not explicitly mention the phase of clinical development at which this relationship was evaluated, but contained reliable indications in this respect ( Table 2 ).
Methods to Evaluate Immune Responses and Disease Outcome
Among the 15 Phase II/III trials investigating the correlation between immune responses and clinical outcome, 14 used either overall survival (OS) or a combination of disease-free survival (DFS) and event-free survival (EFS) as indicators of clinical outcome, while 1 employed objective responses only. Thirteen out of 15 trials (87%) analyzed humoral immune responses by quantified the titer or circulating TAA-specific antibodies by ELISA. Ten trials (67%) analyzed cellular immune responses, which were detected by enzyme-linked immunospot (ELISPOT) assays, T-cell proliferation tests, intracellular cytokine staining coupled to flow cytometry, or delayed-type hypersensitivity (DTH) tests. All these assays were performed to analyze immune responses as induced of boosted by therapeutic anticancer vaccines. Of note, in 1 trial investigating the therapeutic value of Provenge ® , both ELISPOT and T-cell proliferation assays were performed to assess cellular immune responses. Along similar lines, in 1 trial testing Canvaxin ® , both DTH tests and the immunohistochemical quantification of TILs were employed for immunomonitoring ( Table 2) . Such an immunohistochemical approach for the quantification of TILs was undertaken only in this study, while the levels of peripheral blood lymphocytes (PBLs) were frequently employed to monitor immune responses.
Canvaxin®
Canvaxin
® is a polyvalent whole-cell vaccine against melanoma. Canvaxin ® was originally developed for commercialization by CancerVax Corp. (which merged with Micromet Inc. to become Amgen Inc.). However, because of the poor efficacy demonstrated in Phase III trials, the development of Canvaxin ® , using a historical database. 31 In this setting, the histopathology of bioptic specimens was analyzed, revealing that patients who had Canvaxin ® showed increased levels of TILs. Further phenotypic studies revealed a reduction in tumorinfiltrating CD8
+ cells coupled to an increase in the CD4 + /CD8 + T-cell ratio (p = 0.10) as well as in the levels of intratumoral CD25 + (p < 0.05) and CD56 + (p < 0.04) cells. However, this study did not investigate the association between the amounts of pre-existing TILs and clinical outcome. Accordingly, subsequent clinical studies testing Canvaxin ® did not stratify or select patients based on their immunological profile.
Theratope®
Theratope ® is generated by conjugating sialyl-Tn (STn), a TAA linked to poor prognosis in patients affected by several cancers, with keyhole limpet hemocyanin (KLH). A Phase II trial testing the therapeutic potential of Theratope ® has been conducted in patients with histologically proven, recurrent metastatic ovarian, breast or colorectal carcinoma. In this setting, humoral responses were analyzed by the ELISA-assisted quantification of circulating STn-specific antibodies, while pre-and post-vaccination cellular responses were monitored by the cytofluorometric quantification of CD69
+ and CD4 + CD69 + PBLs. According to Reddish et al., the Cox proportional hazards analysis demonstrated a significant association between low amounts of CD69 + PBLs before vaccination and increased survival (p = 0.023) or delayed disease progression (p = 0.0016) upon treatment. 38 Along similar lines, low levels of CD4 + CD69 + PBLs before immunotherapy were associated with increased survival following vaccination (p = 0.004). Finally, there was a significant association between elevated prevaccination levels of mucin 1 (MUC1) in the serum and decreased survival following immunotherapy in breast (p = 0.0153) and ovarian (p = 0.0105) cancer patients. Theratope ® has also been tested in a Phase III clinical trial enrolling patients affected by metastatic breast carcinoma. Thus, Miles et al. reported that Theratope ® did not improve time to progression (TTP) or OS, although patients receiving the vaccine developed high titers of IgM and IgG antibodies to ovine submaxillary mucin. 39 In this setting, the median TTP of patients treated with Theratope ® and KLH only was 3.4 and 3.0 mo, respectively (Cox proportional hazards model, p = 0.353; Log-rank test, p = 0.305), while the median OS in the Theratope ® and KLH groups was 23.1 and 22.3 mo, respectively (Cox proportional hazards model, p = 0.916).
Evaluation of Immune Responses and Clinical Outcome
Thirteen trials performed statistical analyses to determine the correlation between immune responses and disease outcome, whereas two trials gathered case reports but did not perform statistical tests. The statistical approaches included the Log-rank Table 3 ). All the 6 clinical trials that employed a Cox proportional hazards model-corresponding to 3 anticancer vaccines-concluded that immune responses to vaccination constitute a prognostic factor. However, also these vaccines did not exert significant efficacy in terms of primary endpoint in Phase III studies ( Table 4) .
Evaluation of Pre-Existing Immune Responses and Clinical Outcome
Only in a Phase II clinical trial (testing Theratope ® in patients with histologically proven, recurrent metastatic ovarian, breast or colorectal carcinoma), the association between pre-existing immune responses and disease outcome was analyzed. In this setting, pre-existing immune responses were indeed found to positively correlated with clinical outcome. Nonetheless, patients were not selected or stratified based on pre-vaccination immunological parameters in the context of the subsequent Phase III clinical trial testing Theratope ® in metastatic breast carcinoma patients.
Discussion
Tumor stage is a well-established prognostic factor and is often used to select or stratify patients in clinical trials. The prognostic value of the immunological profile, as defined by a multiparametric immunoscore, has been first investigated in colorectal carcinoma patients by Mlecnik et al. 41 In this context, an elevated immunoscore was shown to positively correlate with DFS, disease-specific survival (DSS) and OS (HRs of 0.64, 0.60, and 0.70, respectively; p < 0.005). Moreover, multivariate Cox regression analyses including the AJCC/UICC TNM stage and the immunoscore revealed that only the latter was significantly associated with DFS, DSS, and OS. Thus, it appears that the immunological profile of cancer patients might be an important prognostic factor, even more than tumor stage, at least in some circumstances.
Thus, we are convinced that cancer patients should be selected or stratified for clinical trials based not only on tumor stage, but also on immunological profile. This might allow for the prospective identification of patients with an immunological status that allows them to optimally respond to therapeutic vaccination. Immune responses are often monitored in the context of Phase I clinical trials to identify the optimal dosage and administration route for therapeutic anticancer vaccines. In addition, the efficacy of these immunotherapeutic interventions is generally investigated in the exploratory trials using patients selected or stratified based on tumor stage, followed by the assessment of the correlation between immune responses and disease outcome. We believe that pre-vaccination immunological parameters associated with optimal vaccine-elicited immune responses should be identified in such early phase clinical studies.
In patients, immune responses are nowadays evaluated by quantifying the circulating titers of TAA-specific antibodies (as an indicator of humoral antitumor immunity) or the proliferative and functional profile of T cells (as an indicator of cellular antitumor immunity). In Phase I clinical trials, this is generally assessed both before and after treatment, so to discriminate between the elicitation and the enhancement of immune responses by therapeutic vaccination. As shown by our survey, the correlation between immune responses and disease outcome has been mainly evaluated in the context of Phase II or III studies. Most of these analyses were conducted starting from the characterization of PBLs or DTH (skin) assays. In the future, we would like to evaluate the association between the pre-vaccination immunological profile and vaccine-elicited immune responses in early phase studies, to identify patients who have the highest chances to respond to treatment. For example, circulating CD4 + helper T cells and CD4 + CD25 + FOXP3 + regulatory T cells may be characterized for their ability to secrete immunomodulatory cytokines and hence modulate humoral immune responses which only contribute to the secretion of antibodies by plasma cells. In addition, bioptic specimens may be employed to quantify intratumoral CD8 + cytotoxic T cells and hence obtain insights into local cellular immune responses. In this context, a strong lymphocytic infiltration has been correlated with improved clinical outcomes in patients affected by different tumor types, and high intratumoral densities of CD3 + T lymphocytes, CD8 + cytotoxic T cells, and CD45RO
+ memory T cells has been associated with increased patient survival. 2 However, contradictory findings for particular types of cancer have also been reported. 2 Thus, both tumor type and the immunological profile of patients should be carefully considered for the evaluation of clinical trials testing therapeutic anticancer vaccines.
Most of the clinical trials included in our survey demonstrated a positive correlation between immune responses and disease outcome upon therapeutic anticancer vaccination. Nonetheless, the majority of Phase III clinical trials testing the same immunotherapeutic products failed to reveal a significant efficacy. As mentioned above, the pre-vaccination immunological profile of cancer patients is an important factor for predicting clinical outcomes. However, only 1 clinical trial included in our survey evaluated the relationship between pre-existing immunological conditions and disease outcome, and this finding was not used to select or stratify patients in a subsequent Phase III study.
If the pre-treatment immunological profile had been accepted as a prognostic factor, and hence patients had been stratified accordingly in the following Phase III study, different clinical outcomes might have been revealed in distinct patient subsets. Moreover, if only patients with an optimal immunological profile had been included in the study, the study might have revealed a statistically significant effect for vaccination, which was not the case with unselected patients. Therefore, to successfully develop therapeutic anticancer vaccines, clinical outcome should be evaluated at Phase II or III among a patient subset properly selected for immunological profile in previous exploratory studies.
Identification of Completed Phase II/III Clinical Trials
Only completed Phase II/III trials testing therapeutic anticancer vaccines were included in this research. To identify these studies, all clinical trials registered on ClinicalTrials.gov as of June 25th, 2012 were screened based on the following terms: condition = "cancer," treatment = "vaccine therapy," and study type = "interventional." Completed Phase II/III clinical trials were selected from search results and manually reviewed. Additional Phase II/III studies were identified by screening the relevant scientific literature on PubMed as well as by checking the homepage of multiple companies currently developing therapeutic anticancer vaccines. The design of the studies, their results and additional information were obtained from the publicly available literature, and indications of products tested in completed Phase II/III trials were clarified.
Identification of Clinical Trials Evaluating Immunological Parameters, Immune Responses, and Disease Outcome
Methods to evaluate immune response and clinical outcome were surveyed for products identified as above, and categorized by evaluated sample and type of immune response. Their study phase and efficacy endpoint which investigated correlation between immune response and clinical outcome were also surveyed. Information on these trials was obtained by surveying the literature via PubMed or upon re-quotation of the paper published on the completed Phase II/III study.
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The failure to develop DTH to unmodified autologous melanoma cells was associated with OS (Hr = 2.54, p = 0.080). after adjustment for age only, the hazards ratios for rFS and OS increased and were statistically significant (p = 0.029 and 0.036, respectively). 
